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1 
This invention relates to liht filters and more 
particularly to filters of the interference type. 
Intefference lïlters have been known consisting 
of two high refiecting metallic layers separated 
from each other by a predetermined distance, 
and such filters have been commonly made with 
metallic films of silver to obtain high reflection, 
and an evaporated film of some low index ma- 
terial, nsually magnesium fiuoride, to separate 
' the silver films. Such fllters, however, have been 
characterized by several disadvantageous fea- 
tures. They have involved a relatively high 
degree of absorption in the light transmitted. 
Aside from the waste of light, this absorption 
sers a lower limit to the narrowness of the pass 
bands obtainable with them. They have aiso 
been subject to the restriction that suitable 
metallic films are not available for use in some 
regions of the spectrum and, because of these 
and other disadvantaies, such fllters have been 
of .limited application. 
One object of the present invention, therefore, 
is to supply a filter of the interference type which 
is substantially free from the absorption of 
transmitted light. 
Another object is to provide such a filter 
having substantially any desired width of trans- 
mission or pass band, especially bands of 
tremely narrow width. 
To these and other ends the invention resides 
in certain improvements and combinations of 
parts, all as wlll be hereinafter more fully de- 
scribed, the novel features being pointed out in 
the claires ai the end of the speciflcation. 
In the drawings: 
Fig. I is an enlarged diagrammatic view of an 
interference filter combination embodying the 
present invention; 
Fig. 2 shows the reflectance and transmit- 
tance curveg of a frustrated total reflection film 
such as employed in the interference fllter of the 
invention for various angles of incidence, with a 
given optical thickness of the film and given 
glass and film indices; 
Fig. 3 shows such curves for various film indices 
for a given thickness of the film and a given angle 
of incidence and glass index; 
Fig. 4 shows such curves for varions optical 
thicknesses of the frnstrated total reflection 
film with a given angle of incidence and given 
glass and film indices; 
Fig: 5 shows the transmittance curve of an 
intefference fllter embodytng the present inven- 
tion under stated conditions, and 
Fig. 6 shows a portion of the iron spectrum 
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2 
in comparison with the transmissions of a metal 
interference lllter of the prior art and of the 
frustrated total reflection interference filter em- 
bodying the present invention. 
5 I have round that the above objects may be 
attained by means of an interference filter in 
which the metallic films are replaced with non- 
absorbing films, nsing the principle varionsly 
known as frustrated, degenerate or partial total 
10 reflection, and employed in the light beam divider 
disclosed in Letters Patent granted Jointly to 
me and Robert B. I-Iorsfall, Jr., No. 2,422,376, 
dated June 17, 1947. 
Such frustrated total reflection occurs when 
15 light is incident upon a rhin film of index 2 
between two media of higher index i such that 
the angle of incidence ç exceeds the critical 
angle c. The critical angle is round as nsual 
by applying Snell's law and is given by the equa- 
20 tion: i sin c2. In such frustrated total 
refiection, the refiectance depends on the angle 
of incidence, the relative indices of the film and 
aacent mdia, and the thickness of the film. 
The dependence of the  comportent on angle 
25 of incidence in reflection and transmission is 
shown in Fig. 2 for a film of index 1.38 and an 
optical thickness of a hall wave between glass 
prisms of index 1.72, the coordinates being the 
transmittance on the left and reflectance on the 
30 right. For this assemblage the critical angle is 
53.4 °. At greater angles of incidence, the re- 
flectance is hot immediately 100% but rather 
increases gradually from 57.8% ai the critical 
angle fo 100% at 90 ° angle of incidence. The 
35 behavior of the p comportent is similar to that 
of the  comportent in the frustrated total re- 
flection region, but with the reflectance of' the 
former always less than or equal to that of the 
latter. 
4O The dependence of the » comportent in re« 
flection and transmission, on the index of the 
film is shown in Fig. 3 for a prism index of 1.72, 
an angle of incidence of 60 °, and an optical 
thickness of the film of a hall wave. ere the 
45 reflectance ai the critical index is 45.1% and 
rises steadily with decreastng film Index to 99.6% 
ai an index of 1.0. 
The dependence of both the  and p compo- 
nents on the optical film thlckness ls shown in 
50 Fig. 4 for a film index of 1.38, prisms of index 
1.72, and an angle of incidence of 60 °. The 
refiectances are zero ai zero film thickness and 
rise steadfly with increasing optical thickness of 
the film to about 99.4% ai an optical thickness 
55 of 5 ,/4. The  component is always reflected 
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as strong or stronger .than the  componen. 
The most convenient way of controlltng reflect- 
ance and the way that is used in lractice is by 
varying the thiclness of the film. 
Figs. 2, 3 and 4 constitute exemllary data for 
frustraed total reflection films using slecific val- 
ues of the oltical constants involved. It will be 
allreciated by those slilled in the art that frus- 
trated total reflection is not limited to the lar- 
ticular cases shown but that innumerable other 
cornbinations mnay be used. Furthermore, al« 
though glass is ,used as an exarnlle of lrism rna- 
terial, if will be allreciated that any solid or 
liçluid light transmitting substance may be used, 
chosen according toits sultability from the loint 
of view of refractive index and translarency in 
the wave length region of interest. 
It is imlortan to not that in every case no 
light is lost by absorption, the films and glass 
being assumed substantially absorption free as 
they are in lractice. The sums of the intensi- 
ries of the reflected and transmitted bearns 
ways add Ul to 100%. 
An interference fllter, in accordance with the 
lresent invention and using frustrated total re- 
flection, is rnade by filming the hypotenuse of a 
lrisrn with a translarent film of low index rnam 
terial, such, for examlle, as cryolite (index 1.34), 
or magnesium fluoride (index 1.38), to lroduce 
high reflection 'by virtue of the frustrated total 
reflection, a slacer layer of higher index mate- 
rial, such, for exarnlle, as zinc Sullhide, and a 
second film of low index material such as the 
rst film above, to produce a second highly 
flecting frustrated .total reflection film. A secw 
ond high index lrism is then cernented to the 
fllrned side of the flrst high index lrsrn, the 
cernent having an index allroaching that of the 
lrism material and lreferably having the saine 
index. Alternatively, the second lrism may be 
Oltically contacted directly to the films. This is 
shown in Fig. 1. The refractive index of the 
slacer and the cernent used rnust be high enough 
that no frustrated total reflection can tal llace 
at it. lor any given angle of incidence ç within 
the lrism having an index zl this lowest lirnit 
of the slacer index z is given by the equation: 
The wave length losition of the .pass hand of 
the fllter s controlled by the thiclmess of the 
slacer layer. Af whatever wave lengths its efïec- 
tire Oltical thiclness is a half wave lngth or 
integral multille thereof a lass banal will occur. 
The effective Oltical thiclmess will delend on the 
angle of incidence, an interference film of given 
Oltical thiclness at zero angle of incidence being 
efïectively thinner at all other angles by the 
cosine of the angle. By '«eIectively thinner" 
meant here, as .usual, that the phase retardations 
between rays arising from multille reflection 
within the film become smaller. In addition he 
efïective Oltical thickness will also incorporate 
any lhase shifts occurring at the frustrated total 
reflection films. These are retardations lying in 
general between 90 ° and 180 °. The lhase shift 
retardations are greater for the  comlonent than 
the ç cornlonent. As a consequence, the 
tire slacer thiclmess is diIerent for the two 
states of polarization, and the transmission bands 
of the filter occur as doublets, the  cornlonent 
leak being toward longer wave lengths than the 
comlonent peak. 
In Fig. 5 is shown the spectrolhotometric 
transmission curve of such a fllter rnade with 
frustrated total reflection films of magnesum 
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fluoride three quarter wave lengths thick or 
light of wave length 435 millhnicrons at normal 
incidence, and a slacer of zinc sulflde whose 
Oltical thicl,ness at normal incidence is 3.5 quar- 
5 ter wave lengths for light of the sarn wave 
length. The refractive indices of the glass of 
the lrisms, of the magnesium fluoride and of the 
zinc sulflde are 1.72, 1.38 and 2.30, reslectively. 
Vhen angle e/ïects are considered, the high 
10 index slacer is hall wave thicl at 580 rnilli- 
microns, so that the fllter should have a leal 
at 580 milllmicrons, barring unusual lhase shifts. 
The fact that there are two leal ai entirely 
difïerent wave lengths, namely 410 and 500 milli- 
15 microns, indicates that the lhase shifts at the 
frustrated total reflecting films actually are 
ferent from zero or 180 degrees. Theory shows 
that the lhase shifts of the ç and  comlonents 
in reflection from a frustrated total reflection 
20 film are retardations from 90 to 180 degrees, the 
retardation of the ç comlonent being maller 
than that of the » comlonent. Because of this 
diIerence the fllter transmission bands occur in 
lairs as exllained above. The two leals of a 
25 lair are linearly lolarized. The transmission at 
each leal is 100% for incident light correlond« 
ingly lolarized. The measured results for both 
the leal transmission nd the hall widths of 
actual fllters agree wel with calculated values. 
3o The narrowness or haf wtdths of the transm- 
sion bands may be controlled in two ways, riz, 
by using diIerent orders of interference as de- 
termined by the thiclness of the slacer layer, 
and by varying the thiclmess of the frustrated 
35 total reflection films. It is well known that in 
interference type filters the half widths decrease 
as the slacer thiclmess is ruade equal to higher 
integral multiples of a hall wave length and the 
sam lrincille alllies to the lresent frustrated 
4o total reflection fllters. Thus if the slacer of 
Fig. 5 were ruade twice as thick, the haf widths 
would be about one hall of those shown, and so 
on for higher orders. With reslect to the sec- 
ond means of controlling hall widths it is also 
45 nown that an increase in the reflectance of the 
highly reflecting layers of a metallic film inter- 
ference fllter results in a sharpening of the trans- 
mission peaks. The saine result holds true for 
the interference fllters of the lresent invention. 
5o In them, the reflectance of the frustrated total 
reflection films delends on the film index and 
thiclness, "on the lrism index and on angle of 
incidence as illustrated in Figs. 2-4. For any 
given lrism-fllm combination, the reïectance of 
55 the frustrated total reïection components of the 
fllter may be ruade any desired value by control- 
ling the film thiclmess, as has been shown in 
Fig. 4. A greater thiclmess results in a higher 
reïectance of the film and a narrower width of 
60 the lass band. Useful frustrated total reflection 
interference filters have been ruade for visible 
ligh using frustrated total reflection films of 
thiclmess from three to seven «uarter wave 
lengths..This range ts given in an illustrative 
5 rather than a limiting sense. Either thicer or 
thinner frustrated total reflectton ïlms may be 
used delending on the lass hand requirements 
on the one hand, and on the other, on the lrac- 
tical limitations in lroducing Oltically flrst class, 
70 thicler, llano-larallel films. It should also be 
noted that an increase in half width resulttng 
from a decrease in reflectance of the frustrated 
total reflectton films is accomlanied by an în- 
crease in bacFground transmission of the filter. 
75 In Fig. 6 ls shown photographie comparison of 
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the behavlor of a fllter of the prior art with one 
of the subJect invention. At the top ls an iron 
sloectrum with three wave lengths marked for 
orientation lOUrlooses. Of the two fllters whose 
transmission bands are shown, the flrst ls an 
ordinary second order interference fllter emlolOy- 
ing silver films and the next a frustrated total 
refiection interference fllter. The second order 
ruera1 interference fllter has a leak transmis- 
sion of 40% and a hall width of 9 millimicrons. 
The frustrated total reflection fllter .s a second 
order fllter having relatively high reflecting films 
5 ;/4 thick, and giving very sharl lines of the 
order of one-half millimicron. It was constructed 
as shown in Fig. 1 using frustrated total reflec- 
tion films of high vacuum evalorated magnesium 
fluoride each of oltical thickness equal to rive 
quarter wave lengths and an evalorated zinc 
sulflde slacer of 6.5 quarter wave lengths. The 
transmission leak here are much sharler than 
in the comluted examlle of Fig. 5 for two rea- 
sons: (1) the filter is second order as Comlared 
with flrst order and (.) the frustrated total re- 
fiection films are thicker. 
The location of the transmitted leaks in filters 
constructed according to the lresent invention 
wlll change when the device is tilled, that 
when the angle of incidence fs changed. The wave 
length lOSitions wander toward shorter wave 
lengths when the devlce is tilled so as to in- 
crease the angle of incidence on the films. As 
a tylical examlle a rotation of the lrism by one 
degree will cause a shlft in the wave length losi- 
tions by about 4 millimicrons. The sensitivity to 
angle of incidence is a factor to be considered 
in using the filter in diverging or converging 
light. In general, larallel light should be nsed, 
collimated by allrolriate oltical means. 
OEt may at times be advantageous to use the 
light reflected from the fllter. In Fig. 1 the di- 
rection of this light is indicated by the arrow 
marked R. The reflected lortion of the light 
will contain all of the incident light excelt that 
transmitted by the filter. Hence if white light 
falls UlOn the fllter the reflected light when 
analyzed will be round to consist of a continuous 
slectrum crossed by dark lines at the wave 
lengths correslonding to the leaks of transmis- 
sion. If viewed through a lolarizer alternate 
black lines will diallear for settings 90 ° alart. 
The invention lrovides, therefore, a fllter which 
is substantially free from the absorltion of light, 
since the non-metallic films emlloyed are sub- 
stantially non-absorbing. And it lrovides a gen- 
eral lrincille for the construction of a fllter for 
any slectral region, as distinguished from the 
limitations in this reslqect on the filters ruade 
with metal films. Although the examlles chosen 
are for visible light fllters, the saine lrincilles 
may be emlloyed with available materials in the 
ultra-violet and infra-red. 
The invention is useful, for examlle, in 
llications requiring the selection of monochro- 
matic radiation from a continuous source of light, 
or selectlon of a desired wave length region in the 
form of a wide transmission band from such a 
source, or the lroduction of lolarized monochro- 
matic light and the like. 
If will thus be seen that the invention accom- 
llishes its objects and while it has been herein 
disclosed by reference to the details of a lreferred 
embodiment, it is to be understood that such 
closure is intended in an illUstrative, rather than 
a limiting sense, as it ls contemllated that var- 
ious modifications in the construction and ar- 

rangement of the parts will readtly occur fo thèse 
slled in the art, v¢lthin the spirit of the inven- 
tion and the SColoe of the aloloended claires. 
I claire: 
5 1. An interference fllter comlrising a lair of 
lrisms of refractive material having contiguously 
arranged faces, one of the lrisms having an en- 
trance face, a lair of slaced light transmitting 
ff!ms of solid material having low light absorbing 
10 lrolerties interlosed between the contiguous 
adjacent faces of the lrisms, said films bein 
angularly lositioned with reslect to said entrance 
face of one lrism whereby the lrism directs light 
rays onto the films ai an angle greater than the 
15 critical angle for the lrism-fllm lnterface, said 
films having refractive indices less than those of 
the lrisms, said films each having a thickness 
than a wave length of light so that total reflec- 
tion does not occur when light rays strike the 
20 films at an angle greater than the critical angle 
for the lrism-fllm interface whereby the relative 
quantities of reflected and transmitted light will 
delend UlOn the thicknesses of the films, and a 
light transmitting layer of solid non-metallic ma- 
25 terial interlosed between and in Oltical contact 
with said films, said layer having a refractive in- 
dex which is higher than hat of said films so 
that if transmits light rays which are incident 
thereon at an angle less than the critical angle of 
3o said layer with resect to the lrism, said layer 
having a thickness which ls oltically equivalent 
to one or more hall wave lengths for the angle of 
incidence emlloyed. 
.. An interference fllter comlrising a lair of 
35 lrisms of refractive materlal each having a re- 
fractive index of hot less than about 1.6, one of 
said lrisms having an entrance face, the other 
lrism having an exit face which is substantially 
larallel to said entrance face, each of said lrisms 
,10 havlng an inclined face making an.angel of about 
60 ° with the entrance and exlt faces, slaced, light 
transmitting films of non-metallic solid material 
having low absorbing lrolerties interlosed be- 
tween said lrisms and in Oltical contact with said 
45 inclined faces of said lrisms, reslectively, said 
films having refractive indices of about 1.3 and 
having a thickness of the order of a wave length 
of light, so that frustrated total refiection is lro- 
duced, whereby the relative quantities of reflected 
5o and transmitted light delend UlOn the thickness 
of said films, and a light transmltting layer of 
non-metallic solid material interlosed between 
and slacing said films and having a refractive 
index of hot less than about 1.6 adalted to trans- 
55 mit the light rays incident thereon af an angle 
hot greater than the critical angle of said layer 
with respect to the lrism, said layer having a 
thickness oltically equivalent to one or more 
hall wave lengths for the angle of incidence em- 
60 lloyed. 
3. An lnterference fllter comlrising a lair of 
glass lrisms each having a refractive index of 
hot less than about 1.6, one of said lrisms hav- 
ing an entrance face, the other lrism having an 
65 exit face which is substantially larallel to said 
entrance face, each of said lrisms having an 
clined face making an angle of hot less than 
about 60 ° with the entrance and exit faces, 
slaced, light transmitting films of magnesium 
70 fiuoride interlosed between aid prisms and in 
oltical contact with said inclined faces of satd 
lrisms, reslectively, said films having a thickness 
of the order of a wave length of light so that 
frustrated total reflection ls lroduced, whereby 
75 the relative quantities of relected and trans- 
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mitted- llght depend upon the thickness of sd 
films, and a ght tramlt layer of c soE- 
hide inr tween and spg sald  
and havg a thlckness otlcay valent  a 
half wave leth or an ingral mtlle thereof  
ïor the angle of cidence employed. 
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